INTRODUCTION
Livestock production systems have to contend with the need to increase the global supply of animal products to accommodate the growing number of people in the world while maintaining a safe operating space for humanity by preserving the environment (Rockström et al., 2009) . Grassland-based agroecosystems provide humanly nonedible protein and contribute to animal production output while providing a number of ecosystem services such as preservation of soil and ground and surface water quality or regulation of climate through soil carbon sequestration (Lemaire et al., 2011) . However, grassland management systems are challenged to intensify production without deteriorating other ecosystem services (Dumont et al., 2013; Baumont et al., 2014) .
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such as increased biomass production and transfer of symbiotically fixed nitrogen from legumes to grasses, enabling significant substitution of inorganic nitrogen fertilizer (Lüscher et al., 2013) . The presence of legumes adds high nutritive value with a lower decline of quality during plant maturation (Peyraud et al., 2009) , and some species bring bioactive secondary compounds that are beneficial for protein use efficiency, methane (CH 4 ) reduction, and animal health (Rochfort et al., 2008) . However, little is known about grass-legume interactions at the animal level, which vary greatly according to the situations (Niderkorn and Baumont, 2009 ), although some studies have been performed in dairy cows (Moorby et al., 2009; Vanhatalo et al., 2009) .
We hypothesize that mixing grasses and legumes can produce a synergy on voluntary intake and digestive macronutrient use by ruminants. The aim of this study was to assess the associative effects between orchardgrass (Dactylis glomerata) and red clover (Trifolium pratense) silages as a model of preserved forages simultaneously on feeding behavior, digestive parameters, nitrogen balance, and CH 4 emissions in sheep.
MATERIAL AND METHODS
All procedures were conducted in accordance with French guidelines for the use of experimental animals and were compliant with good animal welfare practice (Veissier, 1999) .
Silage Preparation
Orchardgrass (cv. Starly) and red clover (cv. Diadem) were grown at the INRA Clermont-FerrandTheix center (France; 45°43′ N, 03°01′ E, and 800 m above sea level) in swards established in September 2009. Primary growths of orchardgrass were cut on May 19, 2010, just before heading date, and second growths of red clover were cut on July 20, 2010, at the beginning of flowering. Harvested forages were wilted for 24 h (target DM = 35%), chopped to 2 to 4 cm lengths using a John Deere 7400 forage harvester (John Deere, IL), and treated with a chemical preservative containing formic acid, propionic acid, and ammonium formate (UCASIL 830; Nutrilac, Verton, France) applied according to the manufacturer's recommendations (3.5 L/t of fresh forage for grasses and 5 L/t for legumes). Orchardgrass and red clover were each ensiled in 3 experimental 2-t silos and stored at ambient temperature until the beginning of feeding experiment on January 13, 2011.
Animals and Experimental Design
Ten 1-yr-old Texel sheep (initial BW of 54 ± 2.7 kg and final BW of 64 ± 5.0 kg), all previously rumen cannulated, were separated into 2 homogeneous groups of 5 animals. Five proportions of orchardgrass and red clover silages (in % on a DM basis, 0:100, 25:75, 50:50, 75:25, and 100:0) were allocated to the 2 groups of animals according to a replicated 5 × 5 Latin square design. Each of the 5 experimental periods comprised an 8-d adaptation period in individual pens followed by a 6-d measurement period (d 1 to 6) in metabolism crates allowing daily collection of feces, urine, and CH 4 emissions alternately for the 2 groups of sheep.
Mixtures of silages were offered at 0900 and 1700 h to ensure ad libitum consumption based on approximately 1.1 times the individual DMI of the previous day. The mixtures were thoroughly mixed before feeding to avoid selection by animals. Animals had free access to fresh water and salt block supplement (Sel'Pur; Salins, Paris, France), and rations were fortified with15 g/d of a mineral-vitamins complement (Cristalbest; Sanders, Bruz, France).
Sampling and Measurements
Before ensiling, representative samples of orchardgrass and red clover were collected, immersed in liquid nitrogen, and frozen at -80°C for polyphenol oxidase (PPO) analysis. Three samples of orchardgrass and red clover silages were collected daily, composite sampled by week, dried at 60°C for 72 h, and ground through a 1-mm sieve before analysis for DM, OM, CP and fiber (NDF, ADF, and ADL) content. Three separate samples of the 2 fresh silages were collected daily, pooled by week, and stored frozen at -20°C before analysis of fermentation characteristics. Refused feed was recorded daily for each individual animal, and a sample was composited per animal and measurement week for chemical composition analyses.
Voluntary intake and intake behavior were measured on 6 consecutive days (d 1 to 6) as described by . Briefly, the kinetics of intake was monitored during the whole measurement period by feed dispensers placed on sensors fitted with strain gauges. Weight variations of the feed dispensers were recorded every minute by computer after digitalization of the signal. Eating and ruminating activities were recorded simultaneously using a polyurethane-foam-filled balloon placed under the jaw and connected to the computer via a pressure transducer. Data were analyzed using Microsoft Excel with macro-commands written in Visual Basic. For each 1-min interval, eating activity was assessed as follows.
(1) If the weight of the trough had changed from the previous interval and jaw movements were recorded, then the animal was considered to be eating. (2) If jaw movements were detected for at least 5 min without the trough showing weight change, the animal was considered to be ruminating. (3) Otherwise, the animal was considered to be neither eating nor ruminating (Favreau et al., 2010) .
Digestibility and nitrogen balance measurements were performed on d 1 to 6. After total feces and urine were separately collected and weighed, daily aliquots were composited per sheep and week. Loss of ammonia (NH 3 ) from urine was prevented by adding 50 mL of 30% (wt/vol) sulfuric acid to the collection flask. Composite samples of urine were conserved at -20°C before nitrogen analysis. Samples of feed refusals and feces were dried and ground in the same way as fresh silages before chemical analysis.
On d 1 to 4 of each measurement period, CH 4 emissions were measured using the sulfur hexafluoride (SF6) tracer technique as described in Martin et al. (2008) . Briefly, brass permeation tubes were filled with around 600 mg SF6 gas while tubes were kept in liquid N2 and then calibrated for 10 wk. In-tube permeation rates averaged 0.894 ± 0.121 mg/d for Latin square 1 and 1.130 ± 0.338 mg/d for Latin square 2. Tubes were introduced in the rumen 9 d before the beginning of measurements and remained in the rumen throughout the experiment. Representative breath samples were collected in pre-evacuated collection devices by a capillary tube fitted to a halter (Johnson et al., 1994) .
On d 5, 2 h before the morning feeding, animals were given an intraruminal dose of Cr-EDTA (300 mL, 2.77 g Cr/L diluted 4-fold in water). Strained ruminal fluid was collected from cannulated animals at 2, 4, 6, 8, 24, 26, 28 , and 30 h following marker administration and strained through a polyester monofilament fabric (800-μm mesh size) to determine liquid dilution rates from the rumen. On these samples, rumen pH was measured with a SevenEasy S20 pH meter (Mettler-Toledo GmbH, Schwerzenbach, Switzerland) immediately after the samples were collected. At all sampling times, ruminal fluid was analyzed for VFA, NH 3 , and Cr. For VFA, 0.8 mL of ruminal fluid was mixed with 0.5 mL of a 0.5 N HCl solution containing 2% (wt/vol) metaphosphoric acid and 0.4% (wt/vol) crotonic acid. For NH 3 , 5 mL of ruminal fluid was mixed with 0.5 mL of 5% (wt/vol) orthophosphoric acid. Samples were stored at -20°C until analysis. A 3-mL aliquot of ruminal fluid collected just before the morning feeding was mixed with 3 mL of methyl green, formalin, and saline solution (0.92 mM methyl green, 3.5% formaldehyde, and 0.14 M NaCl) and shielded from light until protozoa counting.
Analytical Procedures
Silages were analyzed for DM by oven drying at 103°C for 48 h and for OM by ashing at 550°C for 6 h in a muffle furnace (method number; AOAC, 2005). Forage NDF, ADF, and ADL contents were analyzed as per the method of Van Soest et al. (1991) using a Fibersac analyzer (Ankom Technology Corporation, Fairport, NY) and expressed inclusive of residual ash. Total CP content in silages was determined by the Dumas combustion method (method number; AOAC, 2005) using a Leco-FP428 nitrogen analyzer (Leco Corp., St Joseph, MI). Aqueous extracts were obtained from thawed silage samples using a hydraulic press and used for analysis of fermentation characteristics (pH, lactic acid, VFA, soluble nitrogen, and NH 3 ). Lactic acid concentration was determined by the enzymatic method of Noll (1974) using a UV-visible spectrophotometer (model Anthelie; Secomam, Dumont, France). The VFA concentration in aqueous extracts was analyzed using GLC (Clarus 580 gas chromatograph; PerkinElmer) according to Jouany (1982) . Soluble nitrogen was determined by the Kjeldahl method (method number; AOAC, 2005). Ammonia was determined according to Conway (1957) . Concentrations of SF6 and CH 4 in animal breath and ambient air were determined using GLC on a gas chromatograph (VarianChrompack, CP-9003, Les Ulis, France) fitted with an electron capture detector (Autosystem XL; PerkinElmer Instruments, Courtaboeuf, France) or a flame ionization detector (Thermo Finnigan, Les Ulis, France), respectively, as described by Martin et al. (2008) . Daily CH 4 production by each animal was calculated using the known permeation rate of SF6 and the concentrations (above background) of SF6 and CH 4 in the breath samples for each animal as
, where gas concentrations are expressed in micrograms per meter 3 . For the PPO activity assay of orchardgrass and red clover, plant leaf protein was extracted in McIlvaine buffer (pH 7.0) including 75 mM ascorbic acid and then desalted with a Micro BioSpin 6 column (Bio-Rad, Marnes-la-Coquette, France). The PPO activity was measured on a PerkinElmer Lambda-25 spectrophotometer (Courtaboeuf, France) with the eluted fraction as an enzyme extract and methylcatechol as substrate according to Winters et al. (2008) . Quinones as products of the oxidation of phenolic compounds were monitored by measuring the increase in optical density at 420 nm. Reactions were monitored over a 40-to 60-s period (10 readings/s), and enzymatic activity was calculated as the rate of reaction from the linear phase of the curve using UV-Winlab software. The VFA concentrations in rumen fluid samples were determined by GLC (Clarus 580 gas chromatograph; PerkinElmer) using crotonic acid as internal standard (Morgavi et al., 2003) . For NH 3 analysis, thawed samples were centri-fuged at 10,000 × g for 10 min at room temperature, and NH 3 concentration was determined in the supernatant using the Berthelot reaction (Weatherburn, 1967) . The reaction was performed in duplicate in 96-well plates and read using the Nanoquant Infinite M200 spectrophotometer (Tecan Austria GmbH, Grödig, Austria). Chromium concentration in the ruminal fluid was measured with a flame atomic absorption spectrophotometer (model AA-400; PerkinElmer, Waltham, MA), and the plot of Cr-EDTA disappearance in the rumen was fitted using a nonlinear regression procedure:Cont= ConI.e -kt , in which ConI is initial concentration, Cont is concentration at time t, t is time (h) after marker administration, and k is fractional turnover rate. Liquid passage rate (%/h) was determined from the slope of the natural log of the ruminal concentrations of Cr regressed against hour (Grovum and Williams, 1973) . Protozoal enumeration was done microscopically in a Neubaeur enumeration chamber (Ranilla et al., 2007) .
Statistical Analysis
Data on the chemical composition of experimental silages were analyzed by ANOVA using the GLM procedure of SAS (SAS Inst. Inc., Cary, NC). Data on voluntary intake, feeding behavior, digestive parameters, nitrogen balance, and CH 4 emissions were subjected to statistical analysis using the PROC MIXED procedure of SAS for Latin square designs. Orchardgrassto-red clover ratio, experimental period, and their interaction were considered fixed effects and sheep and repetition of Latin square were considered random effects. The Tukey-Kramer test was used to compare means. The REPEATED statement with the most desirable covariance structure was used to analyze the kinetics of fermentation end products concentrations in the rumen fluid. Normality of data distribution was evaluated using the PROC UNIVARIATE procedure. Nonsignificant interactions (P > 0.05) were removed from the initial model. Statistical differences between treatment means were considered significant at P < 0.05 and were considered a tendency when 0.05 < P < 0.1. Orthogonal contrasts (linear, quadratic, cubic, and quartic) were tested to highlight potential associative effects between forages, when intake or digestion of one feed is not independent of another (Niderkorn and Baumont, 2009 ). Positive or negative associative effects were defined according to the response vis-à-vis the linearity . We have considered, as synergistic effects, the associative effects leading to benefits in terms of animal performances or reduction of pollutant emissions.
RESULTS
The characteristics of the experimental silages are presented in Table 1 . Quadratic effects were observed on daily DM and NDF intake (P < 0.001) and eating rate (P = 0.008; Table 2 ). Similar quadratic effects were observed on DMI and eating rate at both morning and afternoon main meals (P < 0.001) and on time spent eating the morning meal (P = 0.004). Compared with other diets, total chewing time was lower for pure orchardgrass when expressed daily but greater when expressed per gram of DMI, with a quadratic effect on this parameter (P < 0.001). Daily rumination time was not different among treatments, but there were quadratic effects when expressed per gram of DM or NDF intake (P < 0.001).
The OM, NDF, and ADF digestibility decreased linearly with increasing proportion of red clover (P < 0.001; Table 3 ). As a result of the quadratic effects observed on intake, quadratic effects also occurred on intake of the digestible fractions of DM, OM, and NDF (P < 0.001). It has to be noted that pure orchardgrass registered lower values of digestible DM and OM intake than all levels of red clover, but pure red clover registered the lowest digestible NDF intake. A quadratic effect was also detected on rumen liquid passage rate (P = 0.019). Regarding nitrogen balance, urinary nitrogen losses (per g of nitrogen intake) were lower and nitrogen retained (per g of nitrogen intake) was higher with a 25% proportion of red clover than with pure red clover (P = 0.008 and P = 0.001, respectively). Measured CH 4 emissions per kilogram of DM and OM intake linearly decreased with increasing proportion of red clover (P < 0.001; Table 4 ). However, CH 4 emissions were not different (P = 0.174) among all treatments when expressed per kilogram of OM digested and increased linearly with proportion of red clover when expressed per gram of NDF digested (P < 0.001). Overall, the population of ciliate protozoa was lower (P < 0.05) when animals were fed with pure orchardgrass than with the other diets (Table 5 ). There was a significant interaction between proportion of red clover and sampling time on total VFA content in rumen fluid (P = 0.025). Acetate proportion linearly decreased whereas propionate proportion linearly increased as the level of red clover in the diet increased (Fig. 1) . Rumen pH increased (P < 0.001) and ammonia concentration tended (P = 0.059) to decrease as proportion of red clover increased but without interaction (P = 0.964) between proportion of red clover and sampling time.
DISCUSSION

Synergistic Effects on Intake and Feeding Behavior
The DM concentration of the silages may have both direct effects on the intake potential by sheep and indirect effects due to differences in extent and type of fermentation (Huhtanen et al., 2007) . It would have been optimal to achieve similar DM content in the silages, but using a chemical additive that restricted fermentation helped us to decrease the differences in the quality of the silages.
Voluntary digestible DMI by sheep was maximal when proportion of red clover silage in the diet was at least 50%. When expressed on a metabolic BW basis, digestible DMI was greater for all treatments including red clover than for pure orchardgrass. This parameter can be seen as an indicator of animal performance. This result is consistent with a study testing the effect of white clover content on fresh herbage intake in dairy cows fed indoors, which reported that optimum dietary clover content for milk production was 60 to 70% of total DM (Harris et al., 1998) . Similar results were reported with mixtures of grass and white clover silages in dairy cows (Castle et al., 1983) . A lower clover proportion in a grass mixture was also beneficial for milk yield (Egan et al., 2014) in cows grazing a grass-clover sward (21 to 24% clover) compared with cows grazing a grass-only sward. However, it seems that there is no difference in milk production when sward clover content is around 20% (Enriquez-Hidalgo et al., 2014) . The optimal proportion for animal performances can be weighed up against optimal proportion reported for grass-clover swards (30-50%) to generate high herbage yields and minimize nitrogen losses to the environment (Lüscher et al., 2013) . The synergistic effect between orchardgrass and red clover silages observed on intake parameters might be due to several mechanisms driving either an increase in motivation to eat or improved digestive efficiency. Simultaneously measuring a number of parameters of feeding behavior and digestive processes allowed discrimination of their respective contributions. First, a synergy on both daily DM and NDF intake was observed. This suggests that the concept that plant cell walls limit rumen fill, prompting animals to regulate their intake at a relatively constant NDF intake level (Van Soest, 1982) , can, therefore, be modulated when some plants are mixed. Second, the differences in OM and macronutrient digestibility between orchardgrass and red clover do not seem to be involved in the synergy on intake, because no associative effect on these parameters was found. In contrast, strong synergistic effects on eating rate both daily and just following the distribution of morning and afternoon diets were observed, with maximal values measured when clover proportion was at 50%. These results indicate that animals could have greater motivation to eat diversified diets than mono-specific diets, as already reported on heifers with grass silage and hay (Baumont and Pomies, 2004) or with hays of different quality (Ginane et al., 2002) . In addition, the measured between-forage synergy on liquid passage rate through the rumen indicates that the increase of forage intake when the silages were mixed resulted in a reduction of their retention time in the rumen. This result is interesting, because throughrumen transit was highest when NDF intake was high, whereas the transit of legumes is classically greater than for grasses due to the fact that the animals eat less plant cell walls (Van Soest, 1982) . A similar result was reported by De Vega and Poppi (1997) , who showed that increasing the proportion of legumes markedly increased intake and decreased retention time with no effects on total tract digestibility.
Energy Use Efficiency and CH 4 Emissions
In this study, there was a great variation in digestibility within species, and all measures of nutrient digestibility (DM, OM, NDF, ADF, and nitrogen) linearly decreased with increasing proportion of red clover. This was specifically due to the lower digestibility of cell walls from legumes compared with grasses (INRA, 2007) . No associative effect between orchardgrass and red clover was found on digestibility values, therefore confirming a previous literature review stating that the associative effects between grass and legumes species on digestibility are often mild if not absent (Niderkorn and Baumont, 2009) .
The associative effect detected on daily CH 4 emissions, with minimal values for pure plants and greater values for mixtures, seems to be directly related to the synergy on intake, as the associative effect was no longer detected on CH 4 emissions expressed per kilogram of intake (DM, OM, and NDF). Methane emissions ex- pressed per kilogram of DMI were lower for pure red clover than for the other proportions tested. This may be partly due to the high level of intake of pure red clover, as it has been shown that CH 4 emissions decrease with increasing level of intake (Sauvant et al., 2011) . This effect appears to be related to a greater transit of liquid and particles through the rumen and to subsequently less efficient microbial digestion. However, the value of liquid transit for pure red clover was not increased in the current experiment. It seems that the low CH 4 emissions for pure red clover would be due to the rumen fermentation pathway, as it was found that a high proportion of propionate and a low proportion of acetate and butyrate in total VFA of the rumen fluid compared with the other treatments. Taken together, these results show that mixing orchardgrass and red clover made it possible to increase of the intake of digestible matter without increasing CH 4 emissions per kilogram of intake compared with grass alone. Therefore, the mixing effect remains beneficial for the animal from an energy use standpoint.
Nitrogen Use Efficiency
Although total nitrogen content was greater and soluble nitrogen much lower in red clover silage than in orchardgrass silage, the proportion of nitrogen retained by animals was greater for orchardgrass than for red clover. The main reasons seem to be the excess of nitrogen in red clover compared with animal requirements and lower digestibility of nitrogen compared with orchardgrass. A better balance between energy and nitrogen in orchardgrass could explain a better nitrogen utilization by rumen microbes, as shown for perennial ryegrass in comparison with red clover in a recent in vitro study (Belanche et al., 2013) . The greater level of PPO activity in orchardgrass than red clover also could have played an important role, as studies have singled out orchardgrass as the grass with the highest ability to reducing rumen proteolysis due to PPO (Lee et al., 2006 (Lee et al., , 2011 . Nonetheless, the effect of high PPO activity in orchardgrass was not found in the silage, as the proportion of soluble N in total N was greater than in red clover, but this was probably due to less intense lactic fermentation and greater pH value and, thus, greater proteolytic activity. The negative associative effect found here on urinary nitrogen per gram of nitrogen intake, where the lowest values were recorded when red clover proportion was 25%, and on nitrogen retained by animals, where the highest values were again recorded when red clover proportion was 25%, indicates that this mixture provides the best conditions in terms of nitrogen use efficiency.
This experiment provides evidence that using grasslegume mixtures offers ruminants synergistic effects on top of the other agronomic and environmental advantages. In particular, sheep are able to voluntarily ingest a greater amount of digestible DM when proportion of red clover is greater than 25%. This synergy seems to be due to an increased motivation to eat when the species are mixed while also increasing passage rate through the rumen. This work encourages farmers to consider feeding animals with grass-legume mixtures rather than grass monocultures to improve animal performances in addition to agronomic benefits and better nitrogen self-sufficiency. Assessing the associative effects of other grass-legume species combinations, with fresh forages and under other modes of forage preservation, on their use efficiency could help provide insights into how far this kind of synergy can be generalized.
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